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Analysis of the Air Voids within Superpave Gyratory 
Compacted Hot Mix Asphalt Specimens 
Andrew Manuel Aguilar 
 The influence of mix design properties on the mechanical properties of Superpave hot mix 
asphalt samples has been researched by the state of West Virginia with the Asphalt Mixture 
Performance Tester (AMPT) since its acquisition in 2013.  The dynamic modulus, flow number, 
and number of cycles to failure through uniaxial fatigue testing are all affected by the mix 
properties of the sample being tested. It has been a concern if samples prepared with the 
Superpave gyratory compactor (SGC) for testing with the AMPT have a uniform distribution of 
air voids within the sample. 
 Through review of literature the uniformity of air voids within a sample has been found to be 
a function of the mix properties of the samples, the equipment used to compact the sample, and 
the geometry of the sample.  The compaction equipment and sample dimensions have been 
found to consistently have a significant effect on the uniformity of air voids within a sample.  
The effect of mix properties on the uniformity of air voids within a sample has been found to 
vary by mix design.  The goal of this experiment was to determine if there is a significant 
difference in the air voids measured in the middle of Hot Mix Asphalt (HMA) samples in 
comparison to the air voids in the ends of the sample.   
 This thesis has found that the SGC prepared samples for AMPT dynamic modulus testing has 
produced samples with significantly greater air voids in the middle than the air voids at the ends 
of the specimen with a significance level of 0.05.  It was found that the measured air void 
difference in the middle and ends of the samples prepared with the SGC is not affected by the 
method of measuring the air voids or the sample’s mix properties.  From the results of this thesis 
it is recommended that samples are prepared by SGCs from manufacturers other than the Pine 
AFGC125X used in this research to verify that compacted samples with a non-uniform air void 
distribution is not unique to the SGC used in this study.  It is also recommended that a 
heterogeneity index threshold be explored in order to distinguish samples that have an acceptable 
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Chapter 1 Introduction 
1.1. Background 
 The amount of air voids in a Hot Mix Asphalt (HMA) mixture is one of the most important 
factors that affects the life of the pavement (Brown, et al., 2009).  Numerous pavement distresses 
are directly related to the air voids.  The air voids within the HMA layer of a pavement affects 
the pavement strength, fatigue life, durability, raveling, rutting and moisture damage 
susceptibility (Pavement Interactive, 2010).  In order to estimate the performance of the HMA 
layer of pavements in the field, HMA samples are prepared in the laboratory with the most 
similar properties possible.   
 With the implementation of the Superpave Mix Design method, the Superpave Gyratory 
Compactor (SGC) was developed to prepare HMA samples with a similar compaction of HMA 
in the field.  The SGC can compact samples to a 150 mm diameter and the height of the 
specimen can vary depending on the target height required for the test being performed.  For mix 
design the target height is achieved by setting a number of gyrations to be applied by the SGC 
and using an appropriate amount of material to make samples that are 115 ±5 mm tall.  Samples 
for other tests, such as the tensile-strength ratio test the SGC is set to use the number of gyrations 
needed to achieve a specific height.  Generally these tests require a specific level of air voids.  If 
the target air voids is not achieved, the mass of the sample must be adjusted and a new sample 
must be prepared. 
  In 2014, West Virginia University (WVU) Asphalt Technology Program began performance 
testing of HMA samples with the Asphalt Mixture Performance Tester (AMPT).  This testing 
equipment requires compacting specimens with an initial height of 160 to 180 mm and diameter 
of 150 mm.  The samples are then sawn and cored to the dimensions required for testing with the 
AMPT.  Since the sample height required for the AMPT specimens is much greater than the 
height of the samples the machine was designed to prepare there is a concern that the air void 
distribution within the sample may not be uniform. 
 The compaction energy that goes into HMA in the SGC is one factor that affects the volume 




energy then there will not be a uniform distribution of air voids within the sample.  Testing 
specimens with a non-uniform air void distribution can cause a high variation in stresses and 
strains within a specimen thus affecting testing repeatability and eventually misrepresenting the 
material response (Tashman, et al., 2002).  AASHTO PP 60:Preparation of Cylindrical 
Performance Test Specimens Using the Superpave Gyratory Compactor is the standard method 
for the preparation of samples that are used for AMPT testing.  This method requires compacting 
samples to dimensions greater than is required for AMPT testing.  The sample is then cut and 
cored to the dimensions required for AMPT test.   In concept, removing the sides and ends of the 
compacted sample eliminates the side and end effects of the compacted sample resulting in a 
more uniform sample for the AMPT testing.     
1.2. Problem Statement 
 The compaction of HMA is sensitive to the following (Copple, 1998): 
• Aggregate gradation, shape, and surface texture. 
• Asphalt binder content and grade. 
• Construction practices, compaction temperature, and compaction equipment. 
 For laboratory prepared samples, these factors are accounted for in the mix design, 
preparation procedures specified in American Association of State Highway and Transportation 
Officials (AASHTO) test methods, and equipment available at the asphalt laboratory.  How these 
factors and the interaction of these factors affect the air void distribution in HMA samples is of 
interest.   
 The specimen geometry for the AMPT samples was established through the study “Specimen 
Geometry and Aggregate Size Effects in Uniaxial Compression and Constant Height Shear 
Tests” (Witczak, et al., 2000).  Testing with the AMPT uses linear variable differential 
transducers (LVDTs) to measure the deformation over the middle 70 mm of the AMPT 
specimens.  Witczak et al. measured the sample’s deformation over the middle portion of the 
sample equal to the diameter of the specimen.  For his 100 mm diameter and 150 mm height 
specimens the LVDT gauge points were placed over the middle 100 mm of the specimen.  First 
they measured the air voids in the entire sample and then they cut the middle 100 mm from the 




difference between the air voids.  This conclusion suggested that the specimen geometry 
developed in their study produces samples with a uniform distribution of air voids within the 
sample.  In 2010, Thyagarajan et al. used X-Ray Computed Tomography (CT) and Image 
Analysis Techniques to measure the air void distribution in samples with the same geometry and 
found the samples to have a non-uniform distribution of air voids. 
1.3. Objective 
 With the implementation of AMPT testing at WVU it is desirable to know if the SGC is 
creating samples with the same air voids in the middle and ends of the sample.  The objective of 
this project is to determine if AMPT samples prepared with the SGC have a uniform distribution 
of air voids within the sample.  The air voids in the middle of the sample was measured and 
compared to the air voids on the ends of the sample.   
1.4. Scope and Limitations 
 For this study samples were prepared in accordance with the method specified in AASHTO PP 
60.  Samples were prepared for AMPT dynamic modulus testing.  Upon completion of 
compaction, sawing, and coring of the specimens the AMPT malfunctioned and was not 
available for testing.  This resulted in a research topic change to evaluating the air voids within 
AMPT specimens. AASHTO PP 60 has a method in Appendix X2 for measuring the air void 
distribution where the ends are distinguished as either the top or bottom of the specimen.  The 
protocol for the dynamic modulus testing does not require marking the compaction orientation of 
the samples. Since the orientation of the samples was not needed for AMPT testing the 
compaction orientation of the samples was not marked as is needed for the protocol of AASHTO 
PP 60 Appendix X2.  It was decided that the samples could be used for testing the internal 
variation of the air voids by comparing the slices from the middle of the sample to the slices 
from the ends of the sample.  
 The three sections of the 150 mm sample were 48 ±2.5mm.  This is because the thickness of 
the saw used to cut the 150 mm tall samples into three even sections was measured to be 2.5 mm.  




Air voids of the samples prepared at WVU are measured using either the CoreLok or 
saturated surface dry (SSD) methods.  Due to the exposure of aggregate faces after sawing and 
coring, the SSD method could give false readings due to the potential of the aggregates to absorb 
water.  The CoreLok method, which vacuum seals the specimen in puncture resistant polymer 
bags was chosen as the alternative method.  The dimensional method for determining the volume 
of the samples for computing the bulk specific gravity was also used for both the whole samples 
and the slices.   
1.5. Thesis Structure 
 This thesis consists of five chapters.  Chapter 1 is a summary of the research performed and 
presents the background information related to this thesis.  Chapter 2 is a literature review of 
papers related to the thesis topic; including measurements of air voids, the principles of the 
Superpave Gyratory Compactor, causes of non-uniform distribution of air voids, and the 
relationship between AMPT testing and air voids.  Chapter 3 presents the research methodology 
and an explanation of the experimental factors.  Chapter 4 presents the results from the project 
that were organized and performed through the statistical analysis software RStudio.  Chapter 5 




Chapter 2 Literature Review 
2.1. Introduction 
 This chapter covers the methods of measuring air voids in HMA laboratory samples and why 
these different methods result in different measurements for air voids.  A background of the SGC 
equipment and recent literature on the air void distribution within HMA samples is evaluated.  
The heterogeneity index is introduced as a quantitative method for determining what mix 
properties affect the air void uniformity of samples produced with the SGC.  Lastly, background 
information of AMPT testing and the effect of air voids on the mechanical properties of asphalt 
samples tested with the AMPT are presented.  
2.2. Specific Gravity and Air Voids of Asphalt Concrete 
 Specific gravity is the ratio of a materials density to the density of water at a specified 
temperature (Pavement Interactive, 2011).  The two properties needed to compute the air voids in 
a compacted HMA sample are the theoretical maximum specific gravity (Gmm) of a HMA mix 
and the bulk specific gravity (Gmb) of the compacted sample.  The theoretical maximum specific 
gravity is the specific gravity of a mixture excluding air voids, and the bulk specific gravity is the 
specific gravity of a compacted sample.  The percent air voids within a samples is computed by 
subtracting the ratio between the bulk and maximum specific gravity from one, Equation 1.   
 % !"# !"#$% = 100 ∗ (1− !!"!!!
) Equation 1 
!!" = !"#$ !"#$%&%$ !" !ℎ! !"#$%!&'( !"# 
!!! = !ℎ!"#!$%&'( !"#$!%! !"#$%&%$ !"#$%&' !" !ℎ! !"# 
2.3. Theoretical Maximum Specific Gravity 
The theoretical maximum specific gravity of a mix is measured in accordance with AASHTO 
T 209.  Jim Rice of the Asphalt Institute developed the test so it is frequently called the Rice test 
(Mamlouk and Zaniewski, 2011).  The method requires a loose mix to be prepared in accordance 
with AASHTO procedures and then the sample is cooled to the test temperature (25°C).  While 




larger than ¼ inch.  The dry weight of the sample is measured, placed in a tarred vacuum bowl, 
and then the material is covered with water at 25°C.   A vacuum is applied to the bowl until the 
residual pressure reads 25 ± 2.5 mm Hg for 15 ± 2 min to remove all air.  The sample and tarred 
bowl is then submerged in water at 25° C and weighed.  The theoretical maximum specific 




 Equation 2 
!! = !"# !"## !" !"#$%&,! 
!!" = !"## !" !"#$$% !"#$ !"#$%&'%(,! 
!!"# = !"## !" !"#$ !"# !"#$%&'%( !"#$%& !" !"#$%,! 
2.4. Methods of Measuring Bulk Specific Gravity 
The bulk specific gravity is the specific gravity of the mix after compaction.  There are 
several methods to measure the bulk specific gravity of compacted HMA.  These can be 
categorized as water displacement, dimensional, and gamma/x-ray methods (Pavement 
Interactive, 2011).   For the gamma/x-ray method is not commonly used so it will not be 
considered further in this research.  For the dimensional method, the density of the material is 
used to calculate its specific gravity.  The density of a sample is the mass of the sample divided 
by its volume.  The mass of the sample is obtained by placing it on a scale.  The measured 
volume of the sample varies based on the test method.  
The volume of the sample can be measured by using water submersion or from the sample 
dimensions measured with calipers.  Since each of these methods will measure a different 
volume for the sample, they lead to different values for the bulk specific gravity of the sample.  
This produces discrepancies in computed air voids amongst different bulk specific gravity 
methods.  Figure 1 illustrates the volumes and air voids that are associated with a compacted 





Figure 1 - Volumes Associated with Compacted HMA  (Cooley, et al., 2002)   
 Figure 1 shows a side-by-side comparison of two compacted samples with two different 
NMAS and the same mass.  Figure 1 a) shows the gyratory volume of a compacted sample.  This 
volume is associated with the specific gravity obtained when using the dimensional procedure.  It 
includes the air voids inaccessible to water, the voids accessible to water, and the surface 
irregularities.  Figure 1 b) shows the apparent volume of the sample.  This volume does not 
include the surface irregularities or the voids accessible to water but does include the voids that 
are inaccessible to water.  Figure 1 c) shows the bulk volume of a compacted sample.  This 
volume includes the voids that are and are not accessible by water within the sample but does not 
include surface irregularities.  The density obtained from this volume corresponds with the bulk 
specific gravity measured from the SSD method. 
 Using different bulk specific gravity methods will lead to different computed air voids for the 
same sample.  The gyratory volume considers the surface irregularities as internal air voids.  Test 
methods such as the dimensional procedure that use the gyratory volume determines a bulk 
specific gravity that is less than the computed bulk specific gravity from other methods.  This 
leads to an upper bound for the air void content of a sample.  The SSD method measures the air 
voids of the sample using the bulk volume so the SSD bulk specific gravity is greater than other 




90% of Tennessee Department of Transportation sample groups tested with the CoreLok method 
had air voids between these upper and lower bounds.  
2.4.1. SSD Method 
 A standard test method for measuring the bulk specific gravity of a sample is the SSD method 
(West, et al., 2010).  The SSD method for determining the bulk specific gravity of a sample uses 
Archimedes’ principle to determine the volume of the sample.  Archimedes’ principle states that 
the volume of an irregularly shaped object can be determined by the mass of water displaced by 
the object (Crouch, et al., 2003).  The volume of water displaced will be equal to the volume of 
the sample.  Figure 2 illustrates this principle.  The buoyant force acting on the sample in the 
water is equal to the mass of water displaced by a submerged sample.  If the density of the water 
displaced is known, the volume of the sample can be obtained.   
 
Figure 2 Illustration of Archimedes' Principle (Encyclopedia Brittanica, 2015) 
 The saturated surface dry condition of HMA is when water is removed from the surface of the 
sample without removing water from the surface voids (Mamlouk and Zaniewski, 2011).  This is 




According to Crouch et al. (2003), the mass of water displaced by a sample in the SSD 
condition is obtained by taking the difference between the mass of the sample in its SSD 
condition and the mass of the sample submerged in a water bath (Equation 3). 
 !! = !!""# −!!"#$  Equation 3 
!! = !"## !" !"#$% !"#$%&'(!,! 
!!""# = !"## !" !"#$%&#' !" !!" !"#$%&%"#,! 
!!"#$ = !"## !" !"#$%&#' !"#$%&'%( !" !"#$%,! 
 The mass of water displaced is converted to the volume of the sample by using the density of 
the water displaced.  The density of the water is determined by using a thermometer to measure 
the temperature of the water bath.  The volume of the sample is computed by dividing the mass 
of water displaced by the water’s density (Crouch, et al., 2003).  The density of the compacted 




   Equation 4 
!!"#$%&! = !"#$%&' !" !ℎ! !"#$%&,!/!" 
!! = !"## !" !ℎ! !"#$%&#' !" !"#,! 
!! = !"#$%&' !" !"#$% !" !"#! !"#$"%&!'%",!/!" 
 The specific gravity of a sample is the ratio of the density of the sample to the density of 
water at a specified temperature (Pavement Interactive, 2011).  Therefore, the final calculation 
for the bulk specific gravity of the sample is simplified to Equation 5. 
 !!" = !!!!""#!!!"#$   Equation 5 
 
 Equation 5 is the same equation in AASHTO T 166 for determining the bulk specific gravity 
of compacted samples using the saturated surface dry method.  AASHTO T 166 states to blot dry 
the sample, after submersion for 3 to 5 minutes, with a damp towel as quickly as possible, not to 
exceed 5 seconds.  This procedure is done to eliminate water from the surface but should be 




 This method has been proven to be adequate for conventionally designed fine-graded mixes 
but can give erroneous results for coarse-graded mixes (Cooley, et al., 2002).  As shown in 
Figure 3 a coarse and fine-grade mix can have the same overall air void volume but different 
sized voids.  Coarse grade mixes have larger aggregate particles and the internal air voids can 
become interconnected to surface voids.  This leads to water being able to quickly infiltrate the 
sample when submerged but also leads to water draining from the sample quickly when 
attempting to measure the mass in the SSD condition.  If this water drains from the voids before 
the SSD mass is measured then the surface voids will not be taken into account when measuring 
the volume of the sample. 
 
Figure 3 Difference in Internal Air-Voids Structure of Coarse and Fine-Graded Mixes  (Cooley, et 
al., 2002) 
2.4.2. CoreLok Method 
 The CoreLok method is relatively new in comparison to the two previous methods.  This is a 
water displacement method because it utilizes Archimedes’ principle.  A sample is sealed inside 
of a plastic bag using a vacuum chamber (Figure 4) and then it is submerged into a water bath.  
By knowing the apparent gravity of the sample bag, the mass of the sample bag, the mass of the 
sample, and the submerged weight of the vacuum-sealed specimen, the bulk specific gravity of 




dependent upon the ratio between the mass of the sample and the mass of the bag.  The table to 
obtain the apparent gravity of the sample bag is shown in Table 1. 
 







   Equation 6 
!! = !"# !"##,! 
!!" = !"# !"#$%& !"## !"#$% !"#$% !"#$%&'()*,! 
!!! = !"#$"% !"#$%& !"## !" !"#$%,! 
!!" = !"# !""#$%&' !"#$%&' 
!! = !"## !" !"# !"#$ 





Table 1 Apparent Gravity of CoreLok Sample Bag (Instrotek, 2011) 
 
 The advantage of this method is that it is relatively simple and can test samples with high 
absorption.  The disadvantage is that the bags are not reusable causing a reoccurring cost to the 
user (Williams, 2007).  Another concern with the CoreLok method is a bridging effect the bag 
has over large surface voids (Sholar, et al., 2003).  If a sample has large surface irregularities the 
bag may bridge over the irregularities leading to the same problem with the dimensional method 
where surface irregularities are considered as sample voids.  This can cause an underestimation 
of the bulk specific gravity leading to an overestimation of the air voids (Sholar, et al., 2003).   
Another common issue faced when measuring the bulk specific gravity with the CoreLok 
method is that the sample can puncture the bag when vacuum sealing the specimen (Cooley, et 
al., 2002).  If this puncture is not noticed before the specimen is submerged into the water bath 




because the researcher then has to dry the sample again and costly because another bag will have 
to be used for one test specimen.  
2.4.1. Dimensional Method 
 The height-diameter method or dimensional method is based on the standard specified in 
AASHTO T 269.  The greatest advantage of this method is that it is extremely simple, quick, and 
inexpensive (Williams, 2007).  This method is based on the gyratory volume shown in Figure 
1 a) and thus leads to an overestimation of air voids of compacted samples because surface 
irregularities are included as sample air voids.     
 AASHTO T 269 requires measuring the diameter of the specimen at four locations and 
measuring the height per ASTM D 3549; which requires measuring the height at four quarter 
points on the periphery of the sample.  Once the average diameter and average height are 
calculated the volume is computed by multiplying the height times the area of the sample.  Once 
this volume is obtained and the mass of the sample is weighed, the density of the sample is 
obtained.  The density of the sample is then divided by the density of water at 25° C 
(0.99707g/cm3), if the sample was measured at 25° C, to obtain the specimen specific gravity. 
2.5. Superpave Gyratory Compactor 
 The Superpave Gyratory Compactor (SGC) was created with the implementation of the 
Superpave Mix Design method under the Strategic Highway Research Program (Hall, et al., 
2010).  It is used to produce and compact specimens for determination of volumetric analysis and 
determination of mechanical properties (Solaimanian, et al., 1999).  
 The SGC consists of the following components: 
• Frame, rotating base, and motor 
• Loading ram and pressure control 
• Height measuring and recording system 
• Mold and base plate 
 Figure 5 shows a generic diagram of the SGC.  A loading system applies a load to the loading 
ram, which applies a 600 kPa compaction pressure to the specimen.  A pressure gauge measures 




and base plates at the top and bottom of the mold provide confinement of the material during the 
compaction process (Solaimanian, et al., 1999).   The SGC rotates the specimen mold at 30 ± .5 
gyrations per minute and tilts the specimen mold at an average internal angle of 1.16 ±.02° 
throughout compaction (AASHTO T312). The specimen height can be designated or a number of 
gyrations can be designated to apply to the material.   
The specimens prepared with the SGC simulate the density, aggregate orientation, and 
structural characteristics obtained in the actual roadway when proper construction procedure is 
used in the placement of the paving mix (AASHTO T 312).  The SGC was designed and 
developed to evaluate mix designs by creating samples with a 150 mm diameter and 115±5 mm 
height.  For mix design samples are compacted to the design number of gyrations and then the 
volumetric properties are measured to determine if the samples meet the design criteria.  
 




2.6. Heterogeneity Index 
 One method to quantitatively analyze the air void distribution in HMA samples is through the 
heterogeneity index (HI) developed by Thyagarajan et al. (2010).  The formula for the 
heterogeneity index is shown in Equation 7.  They measured the distribution of air voids within 
the sample by using X-Ray Computed tomography and measuring the air voids every 0.2 mm 
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 If a sample has a HI = 0 then the air void distribution in the sample is homogenous.  If the 
sample has a HI closer to 1 then the air void distribution of the sample is very poor.  The HI is 
useful because it allows the determination of what affect different experimental factors has on 
the air void distribution within HMA samples.  The relative air void distribution within the 
samples were established but the authors concluded that samples with a homogenous air void 
distribution needed to be prepared in order to make any conclusion on recommended 
heterogeneity index values. 
2.7. Evaluation of Heterogeneous Air Void Distribution in HMA Samples 
 One of the concerns with the hot mix asphalt samples for the AMPT is if the samples are 
receiving uniform compaction.  It is postulated that the compaction energy going into a sample in 
the SGC follows the patterns shown in Figure 6 and the distribution of the compaction energy in 
the sample is dependent upon the specimen geometry (Thyagarajan, et al., 2010).  The material 
at the top and bottom has high compaction energy but simultaneously high resistance due to the 




the specimen is slender this cone will not interact with the compaction cone on the other end 
resulting in an area of the middle of the specimen with little to no compaction.     
 
 
Figure 6 Compaction Cone and Mold Effect on HMA (Thyagarajan, et al., 2010) 
 Chen et al. (2013) performed a discrete element analysis on hot mix asphalt.  Samples were 
compacted using a SGC simulation with a vertical pressure of 600 kPa, angle of gyration of 
1.25°, and gyrations of 30 revolutions per minute.  Their research found that their theoretical 
samples had significantly higher air voids near the mold boundaries due to an edge effect.  It was 
also found that the height of the sample had a significant effect on the distribution of air voids 
within the sample in the vertical direction.  The air void distribution in samples with heights of 
100, 120, 140, and 160 mm were computed.  There was a strong correlation that as the 
theoretical specimen height increased the heterogeneous distribution of air voids increased as 
well regardless of specimen diameter. 
 Thyagarajan et al. (2010) used X-Ray Computed Tomography (CT) and Image Analysis 
Techniques to measure the air void distributions in laboratory compacted HMA samples.  
Samples were compacted with the SGC using 100 and 150 mm diameter molds.  The samples 
compacted with the 100 mm mold were compacted to heights of 50, 100 and 150 mm.  




then cored to 100 mm.  Then the samples were cut evenly on each end to heights of 50, 100, and 
150 mm.  They found that decreasing the specimen height significantly reduces the 
heterogeneous distribution of air voids in the vertical direction but does the opposite in the lateral 
direction.  They also found that samples had a significantly higher air void content near the 
mold’s top and bottom platens.  They found that sawing and coring significantly reduced the 
heterogeneous distribution of air voids but the higher air void content near the top and bottom 
plates was still present.  Cutting 10 mm from the top and bottom of the sample was found to 
significantly reduce the heterogeneous air void distribution level in the vertical direction but it 
did not remove the lower air void content at the ends of the sample due to the edge effect.  It was 
recommended that taller samples should be prepared so even more of the material could be 
removed from the top and bottom of the sample.  They also measured the air void distribution of 
the sample before and after dynamic modulus testing and found no significant difference in the 
air void distribution.   
 Dubois et al. (2010) found the air void distribution in a sample was affected by compaction 
type, specimen dimension, and mix properties.  The gyratory compactor and roller compactor 
were the two methods of compaction that were tested.  However, these compaction types were 
not compared to each other.  They found that sawn and cored specimen had significantly more 
uniform air voids than samples that were not sawn and cored.  Sawing and coring removed the 
edge effects and allowed the middle of the specimen to be used for testing which has a more 
homogeneous air void distribution.  Also, it was found the air void distribution was dependent on 
the HMA mix properties.   
2.8. AASHTO PP 60 Assessing Test Specimen Uniformity 
AASHTO PP 60 Appendix X2 has a procedure for analyzing the air void distribution in HMA 
samples.  The protocol tests the significance of the difference in mean Gmb between the top and 
bottom third of the specimen relative to the middle third.  The procedure requires that three test 
specimens are prepared to a target air void content of 5.5 percent.  The samples are then cut into 
three even slices, labeled as top, bottom, or middle, and then the bulk specific gravity of each 
slice is determined.  The mean and variance for the bulk specific gravity of the top, middle, and 





The null hypothesis is that the mean Gmb of the top or bottom slice is equal to the mean Gmb of 
the middle slice.  The alternate hypothesis is that the mean Gmb of the top or bottom slice is not 
equal to the mean Gmb of the middle slice.  The test statistic is computed by using Equation 8. 
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The absolute value of the test statistic must be greater than 2.78 to reject the null hypothesis. 
2.9. Background of AMPT and Effect of Air Voids on Mechanical Properties of AMPT 
Samples 
The simple performance tester (SPT) was a result of a research project sponsored by the 
NCHRP to develop a practical and economical test method for use in routine Superpave mix 
designs (Bonaquist, et al., 2003).  The SPT was designed to perform, dynamic modulus testing 
but after feedback from researchers throughout the county it was desired that the SPT be able to 
perform flow number and flow time testing, and testing at a variety of frequencies and 
temperatures.  The SPT was the prototype development of the AMPT (Figure 7).  It is a 
computer controlled hydraulic system that is used for the testing of asphalt samples at a variety 
of temperatures and load frequencies.  It is also capable of performing confined and unconfined 
testing.  The strain over the middle 70 mm of the specimen is measured using linear variable 





Figure 7 AMPT (Instrotek, 2012) 
 The AMPT tests asphalt concrete specimens prepared in accordance with AASHTO PP 60 to 
perform several tests including dynamic modulus and flow number.  The results from dynamic 
modulus testing are a primary input for flexible pavement structural design in the “Mechanistic 
Empirical Pavement Design Guide” (MEPDG).   
 Witczak et al. (2000) performed rigorous specimen geometry testing in order to determine the 
specimen size and geometry for testing with the AMPT.  Several specimen geometry, and mix 
design combinations were performed in order to determine the optimum specimen size for 
dynamic modulus, and flow number testing.  It was concluded that 100 mm specimens cored 
from a 150 mm diameter gyratory compacted specimens having a final cut height of 150 mm will 
provide true and accurate material responses.  A total of 144 samples, with the recommended 
specimen geometry and preparation procedures, were measured for air voids, sawed at the gauge 
mounting points in the middle 100 mm of the specimen, and then the air voids in the middle 100 
mm of the sample was measured.  Statistical analyses were conducted to determine if there was a 
significant difference between the overall specimen air voids and the air voids in the middle 100 
mm of the specimen.  The study concluded no significant difference between the air voids in the 




 Yu and Shen (2012) performed dynamic modulus and flow number testing on Washington 
state asphalt mixes.  The effect of air voids, asphalt binder, and aggregate gradation on the 
dynamic modulus was researched.  It was found that samples with a higher air void content have 
a lower dynamic modulus in comparison to samples with a lower air void content.  It was also 
found that samples with a higher air void content have a lower flow number in comparison to 
samples with a lower air void content. 
 Taylor and Tran (2013) performed an inter-laboratory study to determine the effect of air 
voids on dynamic modulus and flow number testing and if the 0.5% air void tolerance could be 
increased to 1.0% as suggested in NCHRP Project 09-29.  There were a total of 29 participating 
laboratories that were placed in three groups.  Groups 1, 2, and 3 had target air void contents of 6 
±0.5%, 7 ±0.5%, and 8 ±0.5% respectively.  It was found that air voids have a significant effect 
on both dynamic modulus and flow number.  Over 50% of the variability of the dynamic 
modulus test data and 70% of the variability of flow number test data could be explained by the 
variability of the specimen air voids.  It was found for dynamic modulus testing that an increase 
in air voids leads to a decrease in the dynamic modulus and a 1% increase of air voids leads to a 
flow number reduction of approximately 95 cycles.  The repeatability of the data support the 
requirement of an air void tolerance of 0.5%. 
2.10. Summary of Literature 
 The methods for determining the air void content within a HMA sample fall into three 
categories; water displacement, dimensional, and gamma/x-rays.  Each of these methods will 
give varying results for the air void content.  The SSD method tends to overestimate the bulk 
specific gravity and underestimate the volume of air voids of compacted samples.  The 
dimensional method tends to underestimate the bulk specific gravity and overestimate the 
volume of air voids of compacted samples, and the CoreLok method results in a volume of air 
voids in between this upper and lower bound.   
 The significant issues concerning the different definitions for determining the volume of the 
samples for the specific gravity calculations are related to the surface irregularities of compacted 
samples as shown on Figure 1. These irregularities should not be considered part of the volume 




and cored to the dimensions of the AMPT samples the surface irregularities are removed. Any 
voids that are present on the surface of the AMPT samples are part of the void structure of the 
asphalt concrete. Hence, volume of the voids on cut faces should be included in the 
determination of the bulk specific gravity and air voids of the sample. No literature was found 
that addresses the issue of surface voids of samples that have been sawn and cored. 
 The SGC was developed with the implementation of the Superpave Mix Design.  This device 
was created with the intent to simulate compaction of HMA in the field.  However, the SGC has 
been shown to create samples with a non-uniform distribution of air voids for slender specimens.  
The air void of the specimens near the ends and outer edges has been shown to have significantly 
lower air void contents than the middle of the specimen.  It is believed that the cause of this is 
because the compaction energy cones coming from the top and bottom of the specimen do not 
connect leaving a section of low compaction in the middle of the specimen.  When the SGC 
specimen geometry was developed by Witczak et al. (2002) it was found that the computed air 
voids in the middle and entire sample were not significantly different. 
 The air voids within a sample has been found to have a significant effect on the mechanical 
properties of HMA samples being tested with the AMPT.  The air voids have been found to have 
a direct correlation to the stiffness of a HMA sample.  As the air voids increase the stiffness of 
the sample decreases.  Therefore, it is important to maintain uniform air voids in the samples 






Chapter 3 Research Methodology 
3.1. Introduction 
 The objective of this research project was to determine if AMPT samples prepared with the 
SGC have a uniform distribution of air voids within the sample.  It was also desired to determine 
if there was a significant difference amongst measured air voids depending on the method of 
measurement that was used.  This chapter covers the experimental design, materials used, mix 
design of the HMA, and the sample preparation procedure to prepare the test samples. 
3.2. Experimental Design 
 Table 2 is a summary of the experimental factors for the research performed for this thesis.  
The samples tested varied by binder type and aggregate gradation.  The two aggregate gradations 
are 9.5 NMAS and 12.5 NMAS, and the three binder types are PG 70-22, PG 70-22 Polymer 
Modified (PM), and PG 76-22.  Five samples were prepared for each NMAS-binder type 
combination resulting in a total of 30 samples.   
Table 2 Summary of Experimental Factors 
 
The samples were compacted using the SGC to a diameter of 150 mm and height of 180 mm.  
The samples were sawn and cored to a diameter of 100 mm and height of 150 mm.  The air voids 
in the 150 mm tall samples were computed and then the samples were cut into three slices of 




the sample and each section was categorized as the middle or end portion of the sample.  The 
bottom and top slices were considered end samples.   
 AASHTO PP 60 has a method in Appendix X2 for measuring test specimen air void 
uniformity where the top and bottom of the specimen are tracked rather than grouped as end 
samples.  The samples used in this experiment were initially made for dynamic modulus testing 
with the AMPT.  Upon completion of compaction, coring, and sawing of the samples the AMPT 
malfunctioned resulting in the machine to not be available.  This resulted in the experimental 
design being changed to evaluating the air voids within AMPT specimens.  AMPT dynamic 
modulus testing does not require marking the compaction orientation of the samples.  Since the 
samples were initially made for AMPT testing the top and bottom of the specimens were not 
marked resulting in them being grouped as ends.  
Each air void measurement was taken by using the CoreLok (AASHTO T 331) and 
dimensional method (AASHTO T 269).  An attempt was made to measure the air voids using the 
SSD method but the absorption of the sample exceeded 2%.  AASHTO T 166 states that if the 
absorption of the sample exceeds 2% an alternative method such as the vacuum sealing method 
(CoreLok) or paraffin sealing method should be used. 
 All statistical tests for hypothesis testing were performed at a significance level of 0.05.  A 
Student t test was performed to determine if there was a significant difference amongst the 
methods of measuring the bulk specific gravity of the specimen.  Then an analysis of variance 
was performed to determine if any of the mix properties had an effect on the air void 
measurements by each bulk specific gravity method.  Next a Student t test was performed to 
determine if the air voids measured in the middle and ends of the specimen was different.  Then 
an analysis of variance was performed to see if any of the mix properties or bulk specific gravity 
method had an effect on the difference in measured air voids between the middle and ends of the 
specimen.  Lastly an analysis was performed with the heterogeneity index to determine if any of 






 The aggregate for the samples were limestone coarse and fine aggregate from Buckeye and 
Greer limestone quarries near Morgantown, WV.  Both of these quarries are a part of Greer 
Industries, headquartered in Morgantown, WV.  The PG 70-22 binder was supplied by 
Associated Asphalt Partners and the PG 70-22PM and PG 76-22 binders were provided by 
Marathon Petroleum Co. 
3.4. Mix Design 
The 9.5 NMAS and the 12.5 NMAS mixes were coarse graded designs based on job mix 
formulas (JMFs) prepared by Greer.  A validation of the mixes was performed by Turner (20151) 
and the percent binder was adjusted to the values shown in Table 4.   
 
For the 9.5 NMAS mix, the aggregates consisted of: 
• Buckeye #8 limestone (45%) 
• Buckeye sand limestone (35%) 
• Greer sand limestone (20%) 
For the 12.5 NMAS mix, the aggregates consisted of: 
• Buckeye #7 limestone (25%)  
• Buckeye #8 limestone (20%) 
• Buckeye sand limestone (35%)  
• Greer sand limestone (20%)   
The gradation for these stockpiles is shown in Table 3.  The mix gradations are shown in 
Figure 8 and Figure 9 for the 9.5 and 12.5 NMAS mixes respectively. 
 
                                                
1 Turner, K., Evaluation of Asphalt Mixture Performance Tester and Testing Protocol, MSCE 




Table 3 Stockpile gradations 
 
 
 Figure 8 9.5 NMAS Gradation Chart 
 
Passing	Sieve	(mm) Buckeye	7's Buckeye	8's WVSand Buckeye	Sand
19 100 100 100 100
12.5 76 100 100 100
9.5 51 94 100 100
4.75 7 21 91 97
2.36 5 6 57 71
1.18 4 4 33 43
0.6 3 3 21 32
0.3 2 3 13 21


























































Figure 9 12.5 NMAS Gradation Chart  
 
Table 4 Mix Design Properties 
 
 
3.5. Sample Preparation 
 The samples were prepared in accordance with AASHTO T 312 and AASHTO PP 60-13.  The 
mixing and compaction temperatures, Table 5, of the samples was dependent upon binder type.  




























































average of the maximum and minimum temperatures were used for the mixing and compaction 
of the samples.  Samples were compacted to a height of 180 mm and a diameter of 150 mm. 
Samples were cored to a 100 mm diameter and sawed to a height of 150 mm by cutting 15 mm 
from the top and bottom of the sample.  After sawing and coring, each sample was analyzed to 
determine if it meets the specimen dimensional tolerances shown in Table 6, the requirements for 
samples prepared for AMPT testing.  AASHTO PP 60 states that samples should be compacted to 
a minimum height of 160 mm and samples with acceptable properties have been made from 
specimens ranging in height from 160 mm to 180 mm.  Samples were compacted to 180 mm 
because this was the minimum height that samples could be sawed and still meet the end 
perpendicularity tolerance.   
Table 5 Mixing and Compaction Temperature 
 
Table 6 Test Specimen Dimensional Tolerances in AASHTO PP 60 
 
 The Gmb of the 150 mm tall samples was measured before sawing to obtain the air voids of the 
entire sample using the CoreLok and dimensional methods.  The samples for the measurement of 
the air voids in the middle and ends of the specimens were obtained by sawing the 150 mm tall 














because the thickness of the saw blade is 2.5 mm.  After sawing, the debris was removed from 
the sample with a damp cloth.  Then the sample was air dried with a fan and dried to 0% 
moisture with the CoreDry machine.  The 48 mm samples were then tested for air voids using the 






Chapter 4 Results and Analysis 
4.1. Introduction 
 The program RStudio was used for all statistical analyses including: 
1. A t test was performed to determine if there is a significant difference in the air void 
results for the CoreLok and dimensional methods of measuring the bulk specific gravity. 
2. Illustratively compare the air voids between the two Gmb methods using boxplots. 
3. Determine if the mix properties has an effect on the air void measurements from each 
Gmb method. 
4. Determine if there is a significant difference in the air voids in the middle and ends of the 
sample. 
5. Determine if the mix properties have a significant effect on the difference in air voids 
within the sample. 
6. Determine if the heterogeneity index is a reliable method to determine if experimental 
factors have an effect on the distribution of air voids within a sample. 
 The data collected in this research are presented in the Appendix.  Table 7 presents the 




Table 7 Summary of Air Void Measurements  
 
 
4.2. T test of Air Voids Measured from Two Gmb Methods 
 In order to determine if there was a significant difference between the CoreLok and 
dimensional methods for measuring the air voids, a t test was performed with the data in 
RStudio.  The null hypothesis is that the mean air voids from these two methods are equal and 
the alternate hypothesis is that the mean air voids from these two samples are not equal.  The 
analysis was performed on a 95% confidence interval.  It was found that the p value for this test 




is accepted.  The data indicates that the two methods produce significantly different 
measurements for the air voids for the entire sample.  On average the dimensional method air 
voids 0.62% higher than the CoreLok method.  Figure 10 shows a boxplot comparing the air void 
measurements for the two Gmb methods.  It is also shown in Figure 10 that the dimensional 
method is consistently higher than the CoreLok method.   
 
Figure 10 Boxplot Comparing CoreLok and Dimensional Method 
4.3. ANOVA of Air Voids in Whole Sample 
An ANOVA was performed on the air voids for the entire sample to determine if the mix 
properties had an effect on the measured air voids by each Gmb method.  Table 8 is a summary of 
the ANOVA performed.  From the analysis it is confirmed that the means of the two methods for 
measuring the air voids are significantly different.  It was also found that none of the mix 
properties or interaction of mix properties and the Gmb methods have an effect on the measured 




Table 8 Statistical Significance of Gmb Method and Mix Properties on Air Voids 
 
 
4.4. T test Comparing Air Voids in the Middle and Ends of Sample 
 A t test was performed to determine if there is a significant difference in the air voids in the 
middle of the sample and the air voids in the ends of the sample.  A t test was performed with the 
data obtained from the CoreLok method and the data obtained from the dimensional method.  
The null hypothesis is that the air voids in the middle of the sample is equal to the air voids in the 
ends of the specimen and the alternate hypothesis is the air voids in these two sections are not 
equal.  The test was performed on a 95% confidence level.  The p values for both tests were less 
than 0.05 resulting in the null hypothesis being rejected and the alternate hypothesis being 
accepted for the both the CoreLok and dimensional method data. 
 On average the air voids in the middle of the specimens were 1.15% greater than the air voids 
in the ends of the specimen for the CoreLok data.  For the dimensional method data the average 
air voids in the middle of the specimens were 1.23% greater than the ends of the specimen.  
Figure 11 and Figure 12 are boxplots comparing the air voids in the middle of the sample and the 
ends of the sample for the CoreLok and dimensional method data respectively.  These figures 
show that the air void measurements in the middle of the sample are consistently higher than the 





Figure 11 Boxplot Comparing Air Voids in the Middle and Ends of the Specimen Using CoreLok 
Method Data 
 





4.5. Analysis of Air Voids within Sample 
 In order to determine if the mix properties had an effect on the variation of air voids in the 
middle and ends of the specimen an ANOVA was performed.  This analysis is shown in Table 9 
and Table 10 for the CoreLok and dimensional method data respectively.  The data in Table 9 
indicates that there is a significant difference in the air voids in the middle of the sample and the 
air voids on the ends of the sample.  It also shows that none of the mix properties have an effect 
on the difference in air void measurements within the sample.  The data in Table 10 also 
indicates that there is a significant difference in the air voids in the middle of the sample and the 
ends of the sample.  However, the data obtained from the dimensional method found that the 
NMAS has an effect on the difference between the air voids in the middle of the sample and the 
ends of the sample. 






Table 10 ANOVA of Air Voids Within Sample Using Dimensional Data 
 
 
4.6. Investigation of Heterogeneity Index 
 The heterogeneity index for each sample was calculated by using Equation 7.  It was desired 
to determine if this index could distinguish if experimental factors have significance on the air 
void distribution within a HMA sample.  An ANOVA was performed on the heterogeneity index 
with the data from the CoreLok method as shown in Table 11 and the data from the dimensional 
method as shown in Table 12.  The results found that none of the mix properties affected the air 
void distribution within the sample for the CoreLok and Dimensional method data.   













Chapter 5 Conclusions and Recommendations 
5.1. Conclusions 
 From the analysis of the data collected the following can be concluded: 
1. The volumetric and CoreLok method of measuring the air voids for the sample are 
significantly different for samples with a height of 150 mm and 48 mm.  When measuring 
the air voids for the two sample heights the dimensional method consistently found air 
voids higher than the CoreLok method.  This also agrees with Crouch et al. (2007) who 
found that the dimensional method measures air voids greater than the CoreLok method.  
The dimensional method measures a larger volume than the CoreLok method, which 
computes a smaller bulk specific gravity and higher air void content for the sample in 
comparison to the CoreLok method. 
2. The binder type for the mix does not affect the different measured air voids between the 
middle and ends of the specimen.  The analyses found that when measuring the air voids 
in the middle of the sample in comparison to the ends of the sample, the binder type had 
no effect on the difference in air voids between the sections.  It was also found that the 
binder type does not affect the difference in air void computations by the dimensional or 
CoreLok method. 
3. The NMAS was found to not be significant in the air void distribution when measuring 
the air voids with the CoreLok method but was found to be significant when measuring 
the air voids with the dimensional method.  Since each method had a different result, no 
conclusion can be made on the effect of the NMAS on the air void distribution within the 
sample.  It was found that the interaction of NMAS and Gmb method does not affect the 
air voids computed.  This suggests that the different results for the relationship between 
the NMAS and air void distribution are not due to computational errors. 
4. Samples produced with the SGC do not have a uniform distribution within the sample.  
The air voids in the middle of the sample was found to be significantly different from the 
air voids in the ends of the sample and the air voids in the middle of the sample was 
found to be consistently greater than the air voids in the ends of the sample.  This agrees 




as much compaction in the middle of the specimen due to the compaction energy cones 
from the top and bottom of the sample not intersecting.  On average, the air voids were 
1.15% and 1.23 % greater in the middle of the specimen than the ends of the specimen 
for the CoreLok and dimensional method respectively.  
5. The heterogeneity index (HI) does not show potential in determining the air void 
distribution within HMA samples.  The heterogeneity index can be used for comparing 
experimental factors to the air void distribution within HMA samples but still does not 
create reliable results.  The HI may not detect high variances of air voids within HMA 
samples.  T tests and ANOVAs are much more viable options for analyzing the air void 
distribution within HMA samples. 
5.2. Recommendations 
 Judging from the results of this report the following is recommended: 
1. Determine the effect of air void distribution on dynamic modulus testing.   
2. Perform additional testing for sample uniformity following AASHTO PP 60 procedure. 
3. Create a larger database to verify the effect of experimental factors on the air void 
distribution within an HMA sample. 
4. Repeat testing with SGCs from different manufacturers. 
 It is recommended that the effect of the air void distribution on dynamic modulus testing be 
explored.  Dynamic modulus testing should be performed on samples and then they should be cut 
into sections to determine the air void distribution.  Chapter 2 explains that dynamic modulus 
testing has no effect on the air void distribution within an HMA sample, which will allow 
dynamic modulus testing to be performed on the sample before an air void distribution analysis 
is performed.  
 Determine if the sample uniformity or heterogeneity index may be utilized to establish a 
relationship between dynamic modulus testing repeatability and the air void variability of 
samples.  If there is a relationship, a threshold can be established.  This will allow an approach to 
determining if results obtained from performance testing should be used or not.  If the sample 
does not meet the threshold than the results from performance testing with those samples should 




 A larger database should be created to determine the effect of the mix properties on the air 
void distribution within a sample.  The data found that the binder type does not have an effect on 
the air void distribution within the sample, but it was found that the NMAS does have an effect 
on the air void distribution within the sample when using data from the dimensional method.  
The reliability of the results can only be improved with a greater sample size of NMAS and 
binder types.  If the analysis of the updated database confirms that the mix properties do not have 
an effect on the air void distribution within a sample, it is recommended that a new compaction 
procedure or compaction equipment be explored that will create specimens with a uniform 
distribution of air voids. 
  It should be confirmed that the SGC prepared samples with a non-uniform air void 
distribution is not unique to the SGC at the WVU Asphalt Technology Laboratory.  The WVU 
laboratory has a Pine AFGC125X SGC.  Pine has developed new models since the SGC at the 
WVU laboratory was acquired such as the AFG2 and AFGB1.  Samples should be prepared by 
SGCs from other manufacturers to determine if the SGC can provide adequate compaction for 
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Sample ID NMAS Binder Gmm 
1 12.5 76-22PM 2.492 
2 12.5 70-22PM 2.495 
3 9.5 70-22PM 2.462 
4 9.5 76-22 PM 2.469 
5 9.5 70-22 2.451 
6 12.5 76-22PM 2.492 
7 12.5 70-22 PM 2.495 
8 9.5 76-22 PM 2.469 
9 9.5 70-22 PM 2.462 
10 12.5 70-22 2.486 
11 9.5 70-22 2.451 
12 9.5 70-22 2.451 
13 12.5 70-22 2.486 
14 12.5 70-22PM 2.495 
15 12.5 70-22 2.486 
16 12.5 70-22 2.486 
17 9.5 70-22PM 2.462 
18 12.5 76-22 PM 2.492 
19 9.5 76-22 PM 2.469 
20 9.5 70-22 2.451 
21 12.5 70-22 2.486 
22 9.5 70-22 2.451 
23 9.5 70-22 PM 2.462 
24 9.5 76-22 PM 2.469 
25 12.5 76-22PM 2.492 
26 9.5 76-22 PM 2.469 
27 12.5 70-22 PM 2.495 
28 9.5 70-22PM 2.462 
29 12.5 76-22PM 2.492 
















Summary of SSD Data 










1 2.492 2747.5 2819.5 1631.8 2.313 7.17 6.06 
2 2.495 2756.1 2826.4 1633.0 2.309 7.44 5.89 
3 2.462 2719.6 2787.2 1600.1 2.291 6.95 5.69 
4 2.469 2745.5 2810.3 1616.6 2.300 6.85 5.43 
5 2.451 2720.2 2792.0 1596.8 2.276 7.14 6.01 
6 2.492 2756.4 2829.1 1634.8 2.308 7.39 6.09 
7 2.495 2727.2 2795.4 1614.4 2.309 7.45 5.77 
8 2.469 2720.0 2798.0 1605.6 2.281 7.61 6.54 
9 2.462 2671.6 2746.1 1574.6 2.280 7.37 6.36 
10 2.486 2725.4 2793.6 1612.7 2.308 7.16 5.78 
11 2.451 2694.4 2770.0 1584.5 2.273 7.27 6.38 
12 2.451 2701.3 2776.6 1586.9 2.271 7.36 6.33 
13 2.486 2739.3 2806.6 1619.4 2.307 7.19 5.67 
14 2.495 2748.4 2810.0 1626.1 2.321 6.95 5.20 
15 2.486 2742.0 2803.5 1620.6 2.318 6.76 5.20 
16 2.486 2718.7 2785.0 1605.5 2.305 7.28 5.62 
17 2.462 2686.0 2750.6 1575.9 2.287 7.13 5.50 
18 2.492 2730.8 2801.0 1617.8 2.308 7.38 5.93 
19 2.469 2701.3 2766.0 1589.3 2.296 7.02 5.50 
20 2.451 2668.0 2745.3 1567.1 2.264 7.61 6.56 
21 2.486 2739.5 2808.8 1622.6 2.309 7.10 5.84 
22 2.451 2672.3 2746.0 1571.9 2.276 7.14 6.28 
23 2.462 2692.0 2758.5 1582.2 2.289 7.05 5.65 
24 2.469 2701.4 2767.2 1588.8 2.292 7.15 5.58 
25 2.492 2744.4 2810.8 1627.0 2.318 6.97 5.61 
26 2.469 2705.5 2773.2 1594.0 2.294 7.07 5.74 
27 2.495 2734.1 2800.8 1619.6 2.315 7.23 5.65 
28 2.462 2652.6 2734.4 1560.4 2.259 8.23 6.97 
29 2.492 2730.1 2792.6 1618.3 2.325 6.71 5.32 












































1 52.9 2747.5 1552.1 2747.5 0.99705 2.492 2.32 6.85 
2 53.2 2756.5 1554.4 2756.5 0.99705 2.495 2.32 7.18 
3 53.1 2719.6 1523.6 2719.6 0.99705 2.462 2.30 6.72 
4 52.9 2745.5 1542.8 2745.5 0.99705 2.469 2.31 6.63 
5 53.3 2720.2 1515.5 2720.2 0.99705 2.451 2.28 6.97 
6 52.9 2756.4 1553.1 2756.4 0.99705 2.492 2.31 7.17 
7 53.5 2727.2 1537.2 2727.2 0.99705 2.495 2.31 7.22 
8 53.1 2720.0 1515.6 2720.0 0.99705 2.469 2.28 7.63 
9 53.4 2671.6 1489.0 2671.6 0.99705 2.462 2.28 7.32 
10 53.9 2725.4 1534.6 2725.4 0.99705 2.486 2.31 7.01 
11 53.5 2694.4 1499.3 2694.4 0.99705 2.451 2.28 7.10 
12 52.7 2701.3 1501.4 2701.3 0.99705 2.451 2.27 7.25 
13 52.8 2739.3 1542.7 2739.3 0.99705 2.486 2.31 7.00 
14 52.7 2748.4 1554.9 2748.4 0.99705 2.495 2.33 6.78 
15 53.4 2742.0 1546.6 2742.0 0.99705 2.486 2.32 6.81 
16 52.4 2718.7 1528.1 2718.7 0.99705 2.486 2.31 7.24 
17 52.9 2686.0 1500.8 2686.0 0.99705 2.462 2.29 7.03 
18 52.4 2730.8 1538.4 2730.8 0.99705 2.492 2.31 7.19 
19 52.8 2701.3 1515.2 2701.3 0.99705 2.469 2.30 6.84 
20 52.7 2668.0 1480.4 2668.0 0.99705 2.451 2.27 7.44 
21 52.5 2739.5 1545.4 2739.5 0.99705 2.486 2.32 6.80 
22 52.3 2672.3 1487.3 2672.3 0.99705 2.451 2.28 7.09 
23 53.1 2692.0 1505.4 2692.0 0.99705 2.462 2.29 6.93 
24 53.3 2701.4 1512.2 2701.4 0.99705 2.469 2.29 7.08 
25 53.3 2744.4 1552.0 2744.4 0.99705 2.492 2.32 6.71 
26 53.3 2705.5 1517.5 2705.5 0.99705 2.469 2.30 6.84 
27 53.5 2734.1 1542.8 2734.1 0.99705 2.495 2.32 7.09 
28 53.4 2652.6 1468.8 2652.6 0.99705 2.462 2.26 8.08 
29 52.9 2730.1 1546.5 2730.1 0.99705 2.492 2.33 6.51 

































1 27.5 900.5 507.1 900.0 0.99705 2.492 2.33 6.62 
2 27.6 866.3 490.2 866.0 0.99705 2.495 2.34 6.12 
3 27.6 838.8 470.1 838.2 0.99705 2.462 2.32 5.92 
4 27.5 886.8 497.6 886.5 0.99705 2.469 2.32 6.22 
5 27.5 867.9 482.6 867.7 0.99705 2.451 2.29 6.62 
6 27.5 857.7 478.9 857.4 0.99705 2.492 2.30 7.62 
7 27.8 873.0 491.9 872.7 0.99705 2.495 2.33 6.65 
8 27.7 869.5 484.6 869.1 0.99705 2.469 2.30 6.97 
9 27.7 843.9 469.1 843.6 0.99705 2.462 2.29 6.99 
10 27.7 864.4 486.2 864.2 0.99705 2.486 2.32 6.54 
11 27.6 853.6 475.9 853.4 0.99705 2.451 2.30 6.27 
12 27.3 856.6 475.3 856.6 0.99705 2.451 2.28 6.91 
13 27.2 841.4 470.0 841.0 0.99705 2.486 2.30 7.31 
14 27.4 868.0 489.6 867.6 0.99705 2.495 2.33 6.50 
15 27.4 867.9 485.6 867.6 0.99705 2.486 2.31 7.18 
16 27.4 848.5 476.5 848.3 0.99705 2.486 2.32 6.72 
17 27.5 837.3 466.1 837.1 0.99705 2.462 2.29 6.85 
18 27.5 866.3 490.7 866.0 0.99705 2.492 2.35 5.88 
19 27.4 901.6 506.7 901.3 0.99705 2.469 2.32 6.06 
20 27.4 825.1 456.7 825.2 0.99705 2.451 2.28 7.16 
21 27.5 860.6 482.7 860.3 0.99705 2.486 2.32 6.86 
22 27.6 849.5 470.4 849.8 0.99705 2.451 2.27 7.20 
23 27.5 827.7 461.7 827.4 0.99705 2.462 2.30 6.56 
24 27.5 858.4 479.2 858.2 0.99705 2.469 2.30 6.81 
25 27.5 870.3 490.7 870.2 0.99705 2.492 2.33 6.52 
26 27.6 874.1 488.2 873.8 0.99705 2.469 2.30 6.75 
27 27.5 887.1 500.2 887.1 0.99705 2.495 2.33 6.68 
28 27.5 849.9 470.5 849.8 0.99705 2.462 2.28 7.55 
29 27.4 867.1 490.0 867.1 0.99705 2.492 2.34 6.26 


































1 24.6 830.9 462.4 830.9 0.99705 2.492 2.29 8.21 
2 24.8 871.3 484.3 871.3 0.99705 2.495 2.28 8.51 
3 24.8 877.9 488.4 877.9 0.99705 2.462 2.28 7.19 
4 25.1 824.8 458.4 825.0 0.99705 2.469 2.28 7.52 
5 25.5 845.1 467.9 845.1 0.99705 2.451 2.27 7.25 
6 25.5 871.5 488.4 871.5 0.99705 2.492 2.31 7.39 
7 24.8 849.0 474.8 849.0 0.99705 2.495 2.30 7.76 
8 24.8 834.8 461.8 834.6 0.99705 2.469 2.27 8.00 
9 24.4 812.1 444.2 812.1 0.99705 2.462 2.24 9.06 
10 24.6 835.5 467.0 835.5 0.99705 2.486 2.30 7.48 
11 25.3 825.0 453.3 825.0 0.99705 2.451 2.25 8.11 
12 24.6 832.1 456.0 832.1 0.99705 2.451 2.24 8.46 
13 24.1 871.2 486.5 871.2 0.99705 2.486 2.30 7.67 
14 27.3 853.3 477.0 853.0 0.99705 2.495 2.31 7.60 
15 27.3 846.9 474.2 846.7 0.99705 2.486 2.31 7.08 
16 27.6 858.6 476.9 858.3 0.99705 2.486 2.29 8.02 
17 27.8 841.2 461.6 841.0 0.99705 2.462 2.25 8.51 
18 27.6 852.1 472.8 852.1 0.99705 2.492 2.28 8.42 
19 27.7 881.9 485.7 881.7 0.99705 2.469 2.26 8.43 
20 27.4 819.6 446.1 819.6 0.99705 2.451 2.23 9.04 
21 27.6 844.7 472.1 844.5 0.99705 2.486 2.31 7.28 
22 27.4 838.9 461.4 838.6 0.99705 2.451 2.26 7.82 
23 27.6 856.9 471.5 856.6 0.99705 2.462 2.26 8.21 
24 27.5 830.7 458.6 830.6 0.99705 2.469 2.27 8.10 
25 27.5 861.2 481.3 861.2 0.99705 2.492 2.30 7.59 
26 27.5 822.8 453.9 822.7 0.99705 2.469 2.27 8.17 
27 27.6 834.5 463.4 834.5 0.99705 2.495 2.29 8.41 
28 27.5 813.1 445.5 812.8 0.99705 2.462 2.25 8.61 
29 27.6 832.2 464.6 831.7 0.99705 2.492 2.30 7.53 



































1 25.5 874.8 490.6 875.0 0.99705 2.492 2.31 7.36 
2 24.9 876.5 492.8 876.4 0.99705 2.495 2.32 7.13 
3 24.6 864.1 480.1 864.1 0.99705 2.462 2.28 7.34 
4 24.3 894.0 500.9 894.0 0.99705 2.469 2.30 6.66 
5 25.0 867.8 480.1 867.8 0.99705 2.451 2.27 7.40 
6 25.2 886.0 498.0 886.0 0.99705 2.492 2.32 7.08 
7 25.0 864.9 483.5 864.9 0.99705 2.495 2.30 7.82 
8 24.2 879.9 490.4 879.9 0.99705 2.469 2.29 7.28 
9 24.0 874.6 485.5 874.8 0.99705 2.462 2.28 7.54 
10 24.5 883.4 494.8 883.5 0.99705 2.486 2.30 7.33 
11 24.9 876.9 484.0 876.8 0.99705 2.451 2.26 7.67 
12 25.2 873.1 484.4 873.1 0.99705 2.451 2.28 7.07 
13 25.4 884.6 499.3 884.5 0.99705 2.486 2.33 6.30 
14 25.0 885.1 498.2 885.1 0.99705 2.495 2.32 7.03 
15 24.5 884.5 501.0 884.4 0.99705 2.486 2.34 5.91 
16 24.3 870.1 487.7 869.7 0.99705 2.486 2.31 7.12 
17 24.4 867.0 486.4 867.1 0.99705 2.462 2.31 6.22 
18 24.4 871.4 488.2 871.2 0.99705 2.492 2.31 7.44 
19 24.5 778.3 437.0 778.3 0.99705 2.469 2.32 6.19 
20 24.6 885.0 493.2 884.6 0.99705 2.451 2.29 6.50 
21 24.5 892.8 501.3 892.8 0.99705 2.486 2.31 7.03 
22 24.8 843.6 470.4 843.8 0.99705 2.451 2.29 6.50 
23 25.1 868.7 487.8 868.7 0.99705 2.462 2.31 6.04 
24 24.7 874.0 490.8 874.0 0.99705 2.469 2.31 6.33 
25 23.7 873.0 493.2 872.7 0.99705 2.492 2.33 6.44 
26 24.2 868.9 488.0 868.7 0.99705 2.469 2.31 6.29 
27 24.9 871.8 492.1 871.6 0.99705 2.495 2.33 6.61 
28 25.5 853.1 470.0 853.1 0.99705 2.462 2.26 8.25 
29 25.2 889.0 502.6 889.0 0.99705 2.492 2.33 6.37 





Dimensional Method Data 
































1 100.5 151.2 151.2 151.3 151.3 151.2 151.2 151.2 1199691.4 
2 100.5 151.4 151.4 151.4 151.6 151.6 151.6 151.4 1201013.5 
3 100.5 150.6 150.7 150.8 150.6 150.6 150.6 150.7 1195063.9 
4 100.5 151.4 151.6 151.7 151.4 151.6 151.7 151.6 1202335.6 
5 100.5 151.9 152.1 151.9 151.5 151.9 152.1 151.9 1204979.8 
6 100.5 151.6 151.6 151.7 151.8 151.6 151.6 151.7 1202996.7 
7 100.5 150.0 149.8 150.0 149.9 150.0 149.8 149.9 1189246.6 
8 100.5 151.5 151.7 151.5 151.7 151.3 151.4 151.5 1201939.0 
9 100.5 149.0 149.3 149.3 149.3 149.5 149.5 149.3 1184487.0 
10 100.5 150.0 150.0 150.0 150.0 150.0 150.0 150.0 1189907.7 
11 100.5 150.4 150.4 150.4 150.4 150.6 150.6 150.5 1193609.6 
12 100.5 151.6 151.5 151.6 151.1 151.6 151.3 151.5 1201410.1 
13 100.5 151.2 151.1 150.7 150.8 151.1 151.2 151.0 1197972.6 
14 100.5 150.6 150.3 150.5 150.5 150.5 150.5 150.5 1193741.8 
15 100.5 150.4 150.3 150.3 150.3 150.3 150.3 150.3 1192419.7 
16 100.5 150.0 150.0 150.0 150.0 149.9 149.7 149.9 1189378.8 
17 100.5 149.6 149.7 149.8 149.6 149.6 149.7 149.7 1187263.4 
18 100.5 150.6 150.6 149.9 150.4 150.5 150.6 150.4 1193345.2 
19 100.5 149.7 149.6 149.7 149.6 149.7 149.6 149.7 1187131.2 
20 100.5 150.4 150.3 150.1 149.3 149.7 150.4 150.0 1190172.1 
21 100.5 150.8 150.7 150.6 150.7 150.8 150.7 150.7 1195592.8 
22 100.5 149.3 149.4 149.2 149.3 149.3 149.2 149.3 1184222.6 
23 100.5 149.5 149.4 149.5 149.4 149.5 149.4 149.5 1185544.7 
24 100.5 149.7 149.6 149.8 149.7 149.6 149.7 149.7 1187395.6 
25 100.5 150.2 150.1 150.1 150.3 150.2 150.2 150.2 1191362.0 



























27 100.5 150.1 150.1 150.1 150.1 150.4 150.3 150.2 1191362.0 
28 100.5 149.3 149.5 149.6 149.6 149.3 149.3 149.4 1185412.5 
29 100.5 149.3 149.4 149.3 149.4 149.3 149.2 149.3 1184487.0 







Air Voids for 150 mm Sample 
Sample 




g/cm3 Gmb Gmm Air Void (%) 
1 1199691.4 2747.8 1199.7 2.290 2.297 2.492 7.82 
2 1201013.5 2756.2 1201.0 2.295 2.302 2.495 7.75 
3 1195063.9 2753.9 1195.1 2.304 2.311 2.462 6.12 
4 1202335.6 2745.4 1202.3 2.283 2.290 2.469 7.24 
5 1204979.8 2720.0 1205.0 2.257 2.264 2.451 7.63 
6 1202996.7 2756.5 1203.0 2.291 2.298 2.492 7.78 
7 1189246.6 2727.0 1189.2 2.293 2.300 2.495 7.82 
8 1201939.0 2717.4 1201.9 2.261 2.268 2.469 8.16 
9 1184487.0 2668.1 1184.5 2.253 2.259 2.462 8.24 
10 1189907.7 2725.4 1189.9 2.290 2.297 2.486 7.59 
11 1193609.6 2694.4 1193.6 2.257 2.264 2.451 7.63 
12 1201410.1 2701.2 1201.4 2.248 2.255 2.451 8.00 
13 1197972.6 2739.4 1198.0 2.287 2.293 2.486 7.74 
14 1193741.8 2748.5 1193.7 2.302 2.309 2.495 7.45 
15 1192419.7 2742.2 1192.4 2.300 2.306 2.486 7.22 
16 1189378.8 2718.8 1189.4 2.286 2.293 2.486 7.78 
17 1187263.4 2686.1 1187.3 2.262 2.269 2.462 7.83 
18 1193345.2 2730.9 1193.3 2.288 2.295 2.492 7.90 
19 1187131.2 2701.3 1187.1 2.275 2.282 2.469 7.57 
20 1190172.1 2668.1 1190.2 2.242 2.248 2.451 8.27 
21 1195592.8 2739.5 1195.6 2.291 2.298 2.486 7.56 
22 1184222.6 2672.9 1184.2 2.257 2.264 2.451 7.64 
23 1185544.7 2691.8 1185.5 2.271 2.277 2.462 7.50 
24 1187395.6 2700.9 1187.4 2.275 2.281 2.469 7.60 
25 1191362.0 2744.4 1191.4 2.304 2.310 2.492 7.29 
26 1187924.5 2705.6 1187.9 2.278 2.284 2.469 7.48 
27 1191362.0 2734.1 1191.4 2.295 2.302 2.495 7.75 




Air Voids for 150 mm Sample 
Sample 




g/cm3 Gmb Gmm Air Void (%) 
29 1184487.0 2730.3 1184.5 2.305 2.312 2.492 7.23 


























1 100.5 49.6 49.6 49.5 49.5 49.6 393066.2 
2 100.5 47.6 47.4 47.4 47.2 47.4 376010.8 
3 100.5 46.5 46.4 46.3 46.2 46.4 367681.5 
4 100.5 49.1 49.1 48.8 48.8 49.0 388306.5 
5 100.5 48.8 48.5 48.6 48.3 48.6 385133.4 
6 100.5 48.0 47.8 47.7 47.6 47.8 378985.6 
7 100.5 47.8 47.7 47.7 47.6 47.7 378390.6 
8 100.5 48.7 48.4 48.2 48.2 48.4 383745.2 
9 100.5 47.1 47.0 46.9 46.8 47.0 372441.1 
10 100.5 48.0 47.7 47.6 47.6 47.7 378589.0 
11 100.5 47.6 47.6 47.6 47.2 47.5 376804.1 
12 100.5 48.0 47.9 47.9 47.8 47.9 379977.2 
13 100.5 46.9 46.8 46.8 46.5 46.8 370854.6 
14 100.5 47.6 47.4 47.4 47.2 47.4 376010.8 
15 100.5 48.2 48.1 48.0 47.9 48.1 381167.1 
16 100.5 46.8 46.7 46.7 46.6 46.7 370457.9 
17 100.5 46.9 46.9 46.8 46.7 46.8 371449.5 
18 100.5 47.5 47.4 47.4 47.2 47.4 375812.5 
19 100.5 49.8 49.7 49.7 49.6 49.7 394256.1 
20 100.5 46.3 46.4 46.7 46.5 46.5 368673.1 
21 100.5 47.5 47.5 47.4 47.3 47.4 376209.1 
22 100.5 47.7 47.6 47.6 47.6 47.6 377795.7 
23 100.5 46.4 46.3 46.1 46.1 46.2 366689.9 
24 100.5 47.7 47.6 47.5 47.4 47.6 377200.7 
25 100.5 47.8 47.7 47.7 47.6 47.7 378390.6 
26 100.5 48.5 48.5 48.4 48.3 48.4 384141.9 























28 100.5 47.8 47.7 47.6 47.6 47.7 378192.3 
29 100.5 47.4 47.3 47.3 47.3 47.3 375415.9 







Air Voids for End 1 of Sample 
Sample 
ID Volume (mm
3) Dry Mass (g) Volume (cm3) 
Density 
g/cm3 Gmb Gmm 
Air Void 
(%) 
1 393066.2 900.5 393.1 2.291 2.298 2.492 7.80 
2 376010.8 866.3 376.0 2.304 2.311 2.495 7.39 
3 367681.5 838.8 367.7 2.281 2.288 2.462 7.06 
4 388306.5 886.8 388.3 2.284 2.291 2.469 7.23 
5 385133.4 867.9 385.1 2.254 2.260 2.451 7.79 
6 378985.6 857.7 379.0 2.263 2.270 2.492 8.91 
7 378390.6 873.0 378.4 2.307 2.314 2.495 7.26 
8 383745.2 869.5 383.7 2.266 2.273 2.469 7.96 
9 372441.1 843.9 372.4 2.266 2.273 2.462 7.69 
10 378589.0 864.4 378.6 2.283 2.290 2.486 7.89 
11 376804.1 853.6 376.8 2.265 2.272 2.451 7.30 
12 379977.2 856.6 380.0 2.254 2.261 2.451 7.75 
13 370854.6 841.4 370.9 2.269 2.276 2.486 8.47 
14 376010.8 868.0 376.0 2.308 2.315 2.495 7.20 
15 381167.1 867.9 381.2 2.277 2.284 2.486 8.14 
16 370457.9 848.5 370.5 2.290 2.297 2.486 7.60 
17 371449.5 837.3 371.4 2.254 2.261 2.462 8.17 
18 375812.5 866.3 375.8 2.305 2.312 2.492 7.22 
19 394256.1 901.6 394.3 2.287 2.294 2.469 7.10 
20 368673.1 825.1 368.7 2.238 2.245 2.451 8.42 
21 376209.1 860.6 376.2 2.288 2.294 2.486 7.71 
22 377795.7 849.5 377.8 2.249 2.255 2.451 7.99 
23 366689.9 827.7 366.7 2.257 2.264 2.462 8.05 
24 377200.7 858.4 377.2 2.276 2.282 2.469 7.56 
25 378390.6 870.3 378.4 2.300 2.307 2.492 7.43 
26 384141.9 874.1 384.1 2.275 2.282 2.469 7.57 




Air Voids for End 1 of Sample 
Sample 
ID Volume (mm
3) Dry Mass (g) Volume (cm3) 
Density 
g/cm3 Gmb Gmm 
Air Void 
(%) 
28 378192.3 849.9 378.2 2.247 2.254 2.462 8.45 
29 375415.9 867.1 375.4 2.310 2.317 2.492 7.04 


























1 100.5 45.9 45.9 46.1 46.0 46.0 364706.7 
2 100.5 48.7 48.7 48.8 48.8 48.8 386720.0 
3 100.5 49.0 49.0 48.9 49.2 49.0 388901.5 
4 100.5 46.4 46.3 46.2 46.1 46.3 366888.2 
5 100.5 47.5 47.5 47.4 47.4 47.5 376407.5 
6 100.5 48.3 48.1 48.1 48.0 48.1 381762.0 
7 100.5 47.1 47.1 47.1 47.2 47.1 373829.3 
8 100.5 47.0 47.0 47.1 46.8 47.0 372639.4 
9 100.5 46.3 46.3 46.2 46.0 46.2 366491.6 
10 100.5 46.5 46.5 46.4 46.3 46.4 368276.4 
11 100.5 46.6 46.7 47.0 47.4 46.9 372242.8 
12 100.5 47.7 47.3 47.2 47.2 47.4 375614.2 
13 100.5 48.8 48.7 48.6 48.4 48.6 385728.4 
14 100.5 47.4 47.2 47.1 47.1 47.2 374424.3 
15 100.5 47.0 46.8 46.8 46.7 46.8 371449.5 
16 100.5 47.8 47.9 48.0 48.1 48.0 380373.8 
17 100.5 47.8 47.7 47.6 47.5 47.7 377994.0 
18 100.5 47.7 47.6 47.6 47.5 47.6 377597.4 
19 100.5 49.8 49.8 49.7 49.6 49.7 394454.4 
20 100.5 47.0 46.9 46.9 46.8 46.9 372044.5 
21 100.5 46.8 46.8 46.8 46.8 46.8 371251.2 
22 100.5 47.3 47.3 47.4 47.4 47.4 375614.2 
23 100.5 48.8 48.5 48.4 48.4 48.5 384935.1 
24 100.5 46.9 46.8 46.7 46.6 46.8 370854.6 
25 100.5 47.7 47.6 47.6 47.6 47.6 377795.7 
26 100.5 46.2 46.1 46.1 46.0 46.1 365698.3 






















28 100.5 46.3 46.1 46.1 45.9 46.1 365698.3 
29 100.5 46.1 46.0 46.0 45.9 46.0 364905.0 















g/cm3 Gmb Gmm 
Air Void 
(%) 
1 364706.7 830.9 364.7 2.278 2.285 2.492 8.31 
2 386720.0 871.3 386.7 2.253 2.260 2.495 9.43 
3 388901.5 877.9 388.9 2.257 2.264 2.462 8.04 
4 366888.2 824.8 366.9 2.248 2.255 2.469 8.68 
5 376407.5 845.1 376.4 2.245 2.252 2.451 8.13 
6 381762.0 871.5 381.8 2.283 2.290 2.492 8.12 
7 373829.3 849.0 373.8 2.271 2.278 2.495 8.71 
8 372639.4 834.8 372.6 2.240 2.247 2.469 9.00 
9 366491.6 812.1 366.5 2.216 2.222 2.462 9.73 
10 368276.4 835.5 368.3 2.269 2.275 2.486 8.47 
11 372242.8 825.0 372.2 2.216 2.223 2.451 9.31 
12 375614.2 832.1 375.6 2.215 2.222 2.451 9.35 
13 385728.4 871.2 385.7 2.259 2.265 2.486 8.88 
14 374424.3 853.3 374.4 2.279 2.286 2.495 8.39 
15 371449.5 846.9 371.4 2.280 2.287 2.486 8.02 
16 380373.8 858.6 380.4 2.257 2.264 2.486 8.93 
17 377994.0 841.2 378.0 2.225 2.232 2.462 9.34 
18 377597.4 852.1 377.6 2.257 2.263 2.492 9.18 
19 394454.4 881.9 394.5 2.236 2.242 2.469 9.18 
20 372044.5 819.6 372.0 2.203 2.209 2.451 9.85 
21 371251.2 844.7 371.3 2.275 2.282 2.486 8.21 
22 375614.2 838.9 375.6 2.233 2.240 2.451 8.61 
23 384935.1 856.9 384.9 2.226 2.233 2.462 9.31 
24 370854.6 830.7 370.9 2.240 2.247 2.469 9.01 
25 377795.7 861.2 377.8 2.280 2.286 2.492 8.26 
26 365698.3 822.8 365.7 2.250 2.257 2.469 8.60 












g/cm3 Gmb Gmm 
Air Void 
(%) 
28 365698.3 813.1 365.7 2.223 2.230 2.462 9.42 
29 364905.0 832.2 364.9 2.281 2.287 2.492 8.21 


























1 100.5 47.8 47.8 48.3 48.3 48.1 381167.1 
2 100.5 48.3 48.2 48.3 48.0 48.2 382357.0 
3 100.5 48.3 48.2 47.9 48.1 48.1 381762.0 
4 100.5 49.4 49.3 49.4 49.2 49.3 391281.3 
5 100.5 48.6 48.5 48.5 48.3 48.5 384538.5 
6 100.5 48.4 48.5 48.6 48.7 48.6 385133.4 
7 100.5 47.9 47.7 47.6 47.7 47.7 378589.0 
8 100.5 48.8 48.9 48.9 49.0 48.9 387909.9 
9 100.5 48.9 48.9 48.5 48.6 48.7 386521.7 
10 100.5 48.7 48.9 49.0 48.5 48.8 386918.3 
11 100.5 49.0 49.0 49.1 49.1 49.1 389099.8 
12 100.5 48.8 48.7 48.8 48.7 48.8 386720.0 
13 100.5 48.0 48.1 48.4 48.5 48.3 382753.6 
14 100.5 48.4 48.4 48.3 48.3 48.4 383546.9 
15 100.5 47.8 48.5 48.4 47.8 48.1 381762.0 
16 100.5 48.1 48.4 48.5 47.8 48.2 382357.0 
17 100.5 47.3 47.6 47.9 47.7 47.6 377795.7 
18 100.5 47.9 48.0 48.1 48.2 48.1 381167.1 
19 100.5 42.8 42.7 42.7 42.6 42.7 338727.1 
20 100.5 49.4 49.5 49.4 49.1 49.4 391479.6 
21 100.5 49.0 49.0 49.1 49.1 49.1 389099.8 
22 100.5 46.9 46.9 46.8 47.0 46.9 372044.5 
23 100.5 47.7 47.8 47.9 48.2 47.9 379977.2 
24 100.5 47.5 47.4 47.6 47.6 47.5 377002.4 
25 100.5 47.8 47.9 47.5 47.7 47.7 378589.0 
26 100.5 47.8 47.9 47.5 47.7 47.7 378589.0 























28 100.5 48.2 48.5 48.2 48.0 48.2 382555.3 
29 100.5 48.4 48.5 48.5 48.2 48.4 383943.5 


















g/cm3 Gmb Gmm 
Air Void 
(%) 
1 381167.1 874.8 381.2 2.295 2.302 2.492 7.63 
2 382357.0 876.5 382.4 2.292 2.299 2.495 7.85 
3 381762.0 864.1 381.8 2.263 2.270 2.462 7.79 
4 391281.3 894.0 391.3 2.285 2.292 2.469 7.19 
5 384538.5 867.8 384.5 2.257 2.263 2.451 7.65 
6 385133.4 886.0 385.1 2.301 2.307 2.492 7.41 
7 378589.0 864.9 378.6 2.285 2.291 2.495 8.16 
8 387909.9 879.9 387.9 2.268 2.275 2.469 7.86 
9 386521.7 874.6 386.5 2.263 2.269 2.462 7.82 
10 386918.3 883.4 386.9 2.283 2.290 2.486 7.89 
11 389099.8 876.9 389.1 2.254 2.260 2.451 7.78 
12 386720.0 873.1 386.7 2.258 2.264 2.451 7.61 
13 382753.6 884.6 382.8 2.311 2.318 2.486 6.76 
14 383546.9 885.1 383.5 2.308 2.314 2.495 7.23 
15 381762.0 884.5 381.8 2.317 2.324 2.486 6.53 
16 382357.0 870.1 382.4 2.276 2.282 2.486 8.19 
17 377795.7 867.0 377.8 2.295 2.302 2.462 6.51 
18 381167.1 871.4 381.2 2.286 2.293 2.492 7.99 
19 338727.1 778.3 338.7 2.298 2.305 2.469 6.66 
20 391479.6 885.0 391.5 2.261 2.267 2.451 7.49 
21 389099.8 892.8 389.1 2.295 2.301 2.486 7.43 
22 372044.5 843.6 372.0 2.267 2.274 2.451 7.21 
23 379977.2 868.7 380.0 2.286 2.293 2.462 6.87 
24 377002.4 874.0 377.0 2.318 2.325 2.469 5.83 
25 378589.0 873.0 378.6 2.306 2.313 2.492 7.19 
26 378589.0 868.9 378.6 2.295 2.302 2.469 6.77 














g/cm3 Gmb Gmm 
Air Void 
(%) 
28 382555.3 853.1 382.6 2.230 2.237 2.462 9.16 
29 383943.5 889.0 383.9 2.315 2.322 2.492 6.81 














• t test CoreLok vs Dimensional Method for 150 mm samples 
 
 





• t test Comparing Air Voids in Middle and Ends of Sample with CoreLok Method Data 
 
 





















• ANOVA of Heterogeneity Index with CoreLok Data 
 
• ANOVA of Heterogeneity Index with Dimensional Method Data 
 
